**(See the editorial commentary by Powis and Shapiro on pages 4--7.)**

Combination antiretroviral therapy (cART) is recommended for all human immunodeficiency virus (HIV)--infected pregnant women for prevention of perinatal HIV transmission and maintenance of maternal health. Although the benefits of cART far outweigh the potential adverse effects, the rapidly increasing and earlier use of cART makes it urgently important that we improve our understanding of the safety of antiretrovirals in pregnancy. cART has been associated with several adverse pregnancy outcomes, including preeclampsia, preterm delivery (PTD), low birth weight, and small-for-gestational-age (SGA) birth, conditions that increase the risk morbidity and mortality in newborns, especially in low-resource settings \[[@JIU393C1]--[@JIU393C8]\]. Protease inhibitor (PI)--based cART in particular has been associated with significantly higher PTD rates \[[@JIU393C6]\]. Although controversy exists \[[@JIU393C9]--[@JIU393C11]\], most studies demonstrate a higher number of adverse birth outcomes in this population, underscoring the importance of understanding the underlying mechanisms.

Mechanistic data addressing antiretroviral toxicity during pregnancy is limited. These include nucleoside reverse transcriptase inhibitor (NRTI)--associated mitochondrial toxicity \[[@JIU393C8], [@JIU393C12]\], immune reconstitution, and a shift from T-helper type 2 (Th2) cytokines to Th1 cytokines in cART-treated HIV-infected women \[[@JIU393C4], [@JIU393C13]\]. However, direct data linking these mechanisms to clinical outcomes are limited or lacking, and additional mechanisms are likely to contribute to the adverse pregnancy outcomes experienced by HIV-infected women.

Progesterone is a sex steroid hormone that is essential for the maintenance of pregnancy. Low levels of progesterone have been associated with increased incidence of pregnancy loss, placental abnormalities, prematurity, fetal distress, and fetal growth restriction \[[@JIU393C14], [@JIU393C15]\], while progesterone supplementation has shown some efficacy in preventing PTD in high-risk patients \[[@JIU393C16]--[@JIU393C19]\]. Progesterone is synthesized from maternal cholesterol, and its synthesis, metabolism, and clearance depend on a variety of enzymes, many belonging to the cytochrome (CYP) family. PIs, especially ritonavir (RTV), affect the expression and activity of CYP enzymes \[[@JIU393C20]\], and it has been speculated that this is a mechanism through which PIs could alter sex steroid hormone levels \[[@JIU393C21], [@JIU393C22]\]. Elevated 17-hydroxyprogesterone and dehydroepiandrosterone-sulfate levels suggestive of adrenal dysfunction have been reported in neonates exposed perinatally and postnatally to RTV-boosted lopinavir \[[@JIU393C23]\]. Case reports of adrenal suppression requiring glucocorticoid replacement therapy with RTV-boosted PI use in conjunction with synthetic steroids have been described \[[@JIU393C24]\]. However, only limited data exist on the impact of antiretrovirals on progesterone, and these come primarily from studies investigating the interaction between antiretrovirals and contraceptives \[[@JIU393C21], [@JIU393C22]\].

The purpose of this study was to investigate the effect of antiretrovirals on progesterone levels in the context of pregnancy and to determine whether antiretroviral-induced alterations in progesterone levels influence pregnancy outcome. Deciphering the mechanisms by which antiretrovirals affect pregnancy outcome would facilitate the rational selection of optimal therapy during pregnancy and could inform the design of diagnostic tools and interventions to identify and treat those at high risk of adverse outcomes.

METHODS {#s2}
=======

Reagents {#s2a}
--------

Zidovudine (ZDV), lamivudine (3TC), nevirapine (NVP), lopinavir (LPV), atazanavir (ATV), and RTV (National Institutes of Health AIDS Reagent Program) were dissolved in dimethyl sulfoxide in 100 mM stocks, and stored at −20°C until use. The concentration of dimethyl sulfoxide in the final medium was \<0.1%. Combivir (ZDV + 3TC) and Kaletra (LPV + RTV) were purchased as prescription drugs. Progesterone and injectable corn oil were obtained from Sigma Aldrich.

In Vitro Assays {#s2b}
---------------

BeWo cells (ATCC CCL98) were seeded into 12-well plates (50 000 cells/mL) in Kaighn\'s modification of Ham\'s F-12 medium (ATCC catalogue no. 30-2004) and cultured at 37°C in a 5% CO~2~ incubator for 24 hours. Syncytialization was induced by exposure to 100 µM forskolin for 72 hours, followed by exposure to antiretrovirals at 10 times the minimum effective concentration (MEC), either singly or in combinations used in pregnancy, for 24 hours (drug concentrations are specified in the [Supplementary Materials](http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu393/-/DC1)). Cells incubated under hypoxic conditions (1% O~2~ and 99% N~2~) served as a positive control. No toxicity was observed under these conditions. Cell supernatants were collected and stored at −80°C until testing. To control for differences in cell count at the end of the experiment, AlamarBlue (Life Technologies) was used according to the manufacturer\'s instructions to determine the number of live cells. Experiments were performed in triplicate and repeated 3--6 times.

Animal Pregnancy Model {#s2c}
----------------------

Animal experiments were approved by the University Health Network Animal Use Committee and performed according to the policies and guidelines of the Canadian Council on Animal Care. C57BL/6 mice (Jackson Laboratory) were housed under a 12-hour light/dark cycle, with free access to food and water. Animals were acclimated for 1 week prior to experiment initiation. Males were isolated for 7 days prior to mating. Females were trained on gavage (using water) for 7 days prior to mating, to minimize potential stress during pregnancy. Female virgin mice aged 8--10 weeks were mated with males at a 2 to 1 ratio. Mating was monitored by the presence of vaginal plugs. Females with plugs were considered pregnant, with the day on which the plug was detected referred to as gestational day 1 (GD1), and were housed together (4 dams/cage). Pregnancy was confirmed by weight gain on GD9 (\>1.5 g) and GD13 (\>3 g).

Drug doses that would yield clinically relevant plasma drug levels were determined in pilot studies. Mice were administered escalating drug doses starting on GD11 for 4 days to allow drugs to reach steady-state levels. On GD15, blood was collected 1 hour and 24 hours after drug administration. Drug levels were assessed by liquid chromatography--tandem mass spectrometry as previously described \[[@JIU393C25]\]. Drug doses resulting in values approximating the MEC at 1 hour and in detectable levels at 24 hours were selected for all following experiments. As NRTI plasma concentrations do not appear to correlate well with efficacy or toxicity \[[@JIU393C26]\], we instead selected a dose of ZDV/3TC (Combivir) that accounted for the faster metabolic rate of mice, compared with humans, and was not associated with maternal toxicity.

Animals were exposed to 100/50 mg/kg/day of ZDV/3TC (Combivir) alone, ZDV/3TC plus 33/8.3 mg/kg/day LPV/RTV (Kaletra), or water as a control. Pulverized tablets were dissolved in sterile water and administered by oral gavage (100 µL/mouse).

Animals were euthanized at GD15 by CO~2~ inhalation. Blood (heparinized) was collected by cardiac puncture. The following parameters were recorded: number and location of fetuses and resorptions (residues from fetal demise), fetal and placenta weights, fetal viability (assessed by pedal reflex), and fetal malformations. Experiments were repeated 2--3 times.

In progesterone supplementation experiments, 0.5 mg of progesterone in 100 µL of corn oil was administered subcutaneously on GD1, GD5, GD9, and GD13. Control animals received 100 µL of corn oil.

Patient Samples {#s2d}
---------------

Plasma samples were obtained from women who consented to participate in a biobank program supporting research relevant to HIV infection during pregnancy. The institutional review boards of University Health Network, St. Michael\'s Hospital, Mount Sinai Hospital, and Women\'s College Hospital (Toronto, Canada) approved the study. All participants gave written informed consent.

Inclusion criteria for the biobank were: \>18 years age at recruitment, ability to give informed consent, confirmed singleton pregnancy, and confirmed HIV infection (the HIV-infected group) or confirmed HIV-negative status (the control group). Exclusion criteria were multiple pregnancies, preexisting hypertension (defined as a blood pressure of \>140/90 mm Hg), diabetes (type I and II), renal disease, autoimmune diseases, collagen vascular disease, documented opportunistic infection (in the HIV-infected group), and current illicit-drug use. None of the women were current tobacco smokers. Matching between HIV-infected and HIV-uninfected women was performed on the basis of race, age (±5 years), parity (0, 1, or \>1), and body mass index (defined as the weight in kilograms divided by the height in meters squared; \<25 or \>25). Recruitment occurred in Toronto at St. Michael\'s Hospital, Mount Sinai Hospital, Toronto General Hospital Immunodeficiency Clinic, and Maple Leaf Medical Clinic.

Participants included in this study were recruited between September 2010 and May 2013. We included all women from whom a blood sample was collected between gestational weeks 25 and 28. This period gave us the largest set of available paired samples from an HIV-infected women and a matched control. Selection was performed without prior knowledge of the birth outcome. Twenty-seven HIV-infected women met these criteria. An identified match was not available for the entire HIV-infected cohort but was available for 17 of the 27 HIV-infected women.

All HIV-infected women received cART. Twenty-one women began therapy prior to becoming pregnant, while 6 began therapy during pregnancy (therapy initiation occurred between gestational weeks 8 and 23). Selection of cART regimen was at the discretion of their physician.

Gestational age was determined on the basis of maternal reporting of the last menstrual period and was confirmed by ultrasonography. PTD was defined as spontaneous delivery before 37 weeks of gestation. Birth weight percentiles were calculated after accounting for gestational age, infant sex, and mother\'s world region of birth, using the birth weight percentile curves developed by Ray et al \[[@JIU393C27]\]. These curves were used to avoid biasing our calculations toward a lower percentile, because a large proportion of our participants were born in Africa or the Caribbean, and women from these regions tend to deliver infants with lower birth weights than Canadian or European standards \[[@JIU393C27]\].

Blood samples (heparinized) were processed within 1 hour of collection and spun at 1000 ×*g* for 15 minutes. Plasma was collected, aliquoted, and frozen at −80°C until testing.

Measurement of Progesterone Levels {#s2e}
----------------------------------

Progesterone levels were assessed by a competitive enzyme immunoassay performed according to the manufacturer\'s instructions. For culture supernatants (diluted 1:2) and mouse plasma samples (diluted 1:25), the Cayman Chemical kit (Ann Arbor, MI) was used. The lower limit of detection was 10 pg/mL, with a calibration range of up to 1000 pg/mL. Mean inter-assay and intra-assay variabilities (±SD) were 14.8% ± 7.7% and 6.6% ± 2.1%, respectively. For human plasma samples (diluted 1:1000), total progesterone levels were assessed using the EnzoLife Sciences kit (Farmingdale, NY). The lower limit of detection was 8.57 pg/mL with a calibration range of up to 500 pg/mL. Mean interassay and intraassay variabilities (±SD) were 10% ± 3% and 5% ± 3%, respectively. All samples were assayed in triplicate.

Statistical Analysis {#s2f}
--------------------

Cell culture experiments were performed in triplicate and repeated 3--6 times. Animal experiments were repeated 2--3 times. Fetal and placenta weights were calculated for each litter, and the average weight per litter was used for statistical comparisons. Comparisons were assessed using the Mann--Whitney test or Kruskal--Wallis test with the Dunn post hoc test, unless otherwise noted. χ^2^ or Fisher exact tests were used for categorical variables. Correlation was assessed using the Spearman rank correlation coefficient (*r*). A *P* value of \< .05 was the threshold for 2-sided statistical significance. Analyses were performed using GraphPad Prism (La Jolla, CA).

RESULTS {#s3}
=======

PIs Decrease Progesterone Levels In Vitro {#s3a}
-----------------------------------------

We first investigated the impact of HIV antiretrovirals on progesterone levels in vitro, using BeWo cells, a third-trimester human cytotrophoblast cell line capable of sex steroid production \[[@JIU393C28]\]. Antiretrovirals were tested singly and in clinically relevant combinations, at 10 times the MEC for 24 hours. These conditions did not result in cytotoxicity or inhibition of proliferation. Of the 3 different classes of drugs tested---NRTIs, nonnucleoside reverse transcriptase inhibitors (NNRTIs), and PIs---only PIs resulted in reduced progesterone levels (Figure [1](#JIU393F1){ref-type="fig"}*A*). RTV, known for its significant impact on CYP enzymes \[[@JIU393C20]\], had the strongest inhibitory effect on progesterone levels. ATV and LPV also decreased progesterone levels, while darunavir (DRV) was the only PI tested that did not significantly affect progesterone release. Nevirapine, ZDV, and 3TC had no effect on progesterone levels. Figure 1.Protease inhibitors decrease trophoblast progesterone production in vitro. *A*, BeWo cells, a human cytotrophoblast cell line, were treated for 24 hours with 10 times the minimal effective dose (see Methods) of zidovudine (ZDV), lamivudine (3TC), nevirapine (NVP), ritonavir (RTV), atazanavir (ATV), darunavir (DRV), or lopinavir (LPV). *B*, BeWo cells were treated for 24 hours with combinations of ZDV plus 3TC and RTV-boosted ATV (ATV/r), DRV (DRV/r), or LPV (LPV/r). Control cells (Ctr) were treated with dimethyl sulfoxide at a final concentration of \<0.1%. Cells incubated in hypoxic conditions (1% oxygen; Hyp) were used as a positive control. Progesterone levels were measured by competitive enzyme immunoassay and were corrected for the number of cells per well. Progesterone levels are expressed as percentage of the median control value. Data displayed are means±standard errors of the mean for 3--6 independent experiments. \**P* \< .05 and \*\**P* \< .01 for comparisons of each value with the control, by analysis of variance with the Dunnett post hoc test.

Drug combinations frequently used in pregnancy were also tested (Figure [1](#JIU393F1){ref-type="fig"}*B*). ZDV and 3TC were used as the NRTI backbone in combination with RTV-boosted LPV, RTV-boosted ATV, or RTV-boosted DRV. Similar to the single-drug studies, combinations containing LPV and ATV resulted in significant decreases in progesterone levels, while progesterone levels were not significantly affected by the DRV-based combination.

PI-Based cART but Not Dual NRTI Therapy Is Associated With More Adverse Pregnancy Outcomes and Lower Progesterone Levels in a Mouse Pregnancy Model {#s3b}
---------------------------------------------------------------------------------------------------------------------------------------------------

To extend our in vitro findings to an in vivo model, we treated pregnant mice with a dual-NRTI regimen, ZDV + 3TC, provided as Combivir (dual-NRTI), or a PI-based cART regimen, ZDV + 3TC with RTV-boosted LPV, provided as Combivir/Kaletra (PI-cART). This PI-cART regimen was selected because it is a recommended first-line regimen in pregnancy and the most commonly used PI-based regimen in both high and low-income countries \[[@JIU393C29]\]. Pilot studies were performed to optimize PI dosing. Drug doses administered to the mice yielded human pregnancy-relevant \[[@JIU393C30]\] plasma drug concentrations (0.4 µg/mL for LPV and 0.1 µg/mL for RTV).

Mice received antiretrovirals or, as a control, water by gavage once daily beginning on GD1, and pregnancy outcomes were assessed on GD15. None of the treatments resulted in signs of maternal toxicity or distress.

PI-cART was associated with significantly more fetal resorptions and lower fetal viability, compared with control (Figure [2](#JIU393F2){ref-type="fig"}*A*). PI-cART was also associated with significantly lower fetal and placental weights, compared with control (Figure [2](#JIU393F2){ref-type="fig"}*B* and [2](#JIU393F2){ref-type="fig"}*C*). In contrast, fetal weight, placental weight, fetal resorptions, and fetal viability were not significantly affected by dual-NRTI therapy (Figure [2](#JIU393F2){ref-type="fig"}*A*--*C*). Figure 2.Mouse plasma progesterone levels are decreased in protease inhibitor (PI)--exposed pregnant mice and correlated with fetal weight. Mated mice were exposed to either Combivir alone (zidovudine plus lamivudine; dual nucleoside reverse transcriptase inhibitor \[NRTI\]), Combivir plus Kaletra (ritonavir-boosted lopinavir; PI based combination antiretroviral therapy \[PI-cART\]), or water as a control (Ctr) by gavage once daily starting on gestational day 1. *A*, The percentage of fetuses that were viable (light grey), nonviable (as assessed by pedal reflex) (white), or resorbed (dark grey) for each treatment group is shown. χ^2^ analysis yielded the following findings: Ctr vs PI-cART, *P* \< .001; dual NRTI vs PI-cART, *P* \< .01; and Ctr vs dual NRTI, *P* = not significant. *B*, Average fetal weight per litter. *C*, Average placenta weight per litter. *D*, Progesterone levels in maternal plasma. Levels normalized to the control median are shown. In panels *B*, *C*, and *D*, data are shown as box and whisker plots, with medians, interquartile ranges, and ranges. Statistical comparisons were assessed by the Kruskal--Wallis test with the Dunn post hoc test. Data in panels *A--D* were acquired from the same experiment with 10 values for the Ctr group, 8 for the PI-cART group, and 8 for the dual NRTI group. Experiments were repeated 2 times. \**P* \< .05, \*\**P* \< .01, and \*\*\**P* \< .001. *E*, Progesterone levels were plotted against the average fetal weight per litter for the PI-cART group. Correlation was assessed by Spearman *r*. Trend line was calculated by linear regression analysis. Data represent 17 values from 3 combined experiments.

To assess whether ART had an impact on progesterone levels in vivo, we measured peripheral progesterone levels on GD15. Plasma progesterone levels were significantly lower in the PI-cART group, compared with the control group, but were unaffected in the dual-NRTI group (Figure [2](#JIU393F2){ref-type="fig"}*D*). Progesterone levels in the PI-cART group also correlated significantly with fetal weight (Figure [2](#JIU393F2){ref-type="fig"}*E*), suggesting an association between progesterone levels and fetal growth.

Progesterone Supplementation Partially Compensates for cART-Associated Fetal Weight Decrease {#s3c}
--------------------------------------------------------------------------------------------

To investigate whether decreases in progesterone levels directly contributed to reduced fetal weight, we supplemented PI-cART with 0.5 mg progesterone every 4 days, beginning on GD1. We observed a significant increase in fetal weight at GD15 in mice that received PI-cART supplemented with progesterone (Figure [3](#JIU393F3){ref-type="fig"}*B*), although fetal weight did not recover to the same levels as in the control. There was also a trend toward higher placental weight in the progesterone-supplemented group (Figure [3](#JIU393F3){ref-type="fig"}*C*). However, the number of resorptions was unaffected by the supplementation (Figure [3](#JIU393F3){ref-type="fig"}*A*), suggesting that cART must exert additional progesterone-independent effects during pregnancy that require further investigation. Progesterone administration did not significantly alter the birth outcomes of control mice ([Supplementary Materials](http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu393/-/DC1)). Figure 3.Progesterone supplementation partially reverses protease inhibitor (PI)--induced fetal weight defect. Mated mice were exposed to Combivir plus Kaletra (PI based combination antiretroviral therapy \[PI-cART\]) or water as a control (Ctr) by gavage once daily starting on gestational day 1 (GD1). Mice were then injected subcutaneously with either 0.5 mg progesterone (P4) suspended in corn oil or corn oil as a control on GD1, GD5, GD9, and GD13. All fetal and placenta parameters were assessed on GD15. *A*, Percentage of fetuses that were viable (light grey), nonviable (as assessed by pedal reflex; white), or resorbed (dark grey) for each treatment group is shown. χ^2^ analysis yielded the following findings: Ctr vs PI-cART, *P* \< .001; PI-cART vs PI-cART + P4, *P* = not significant; and Ctr vs PI-cART + P4, *P* \< .05. *B*, Average fetal weight per litter. *C*, Average placental weight per litter. Data were acquired from the same experiment, with 8 values for the Ctr, 10 for the PI-cART group, and 11 for the PI-cART + P4 group. Experiments were repeated once. \**P* \< .05, \*\**P* \< .01, and \*\*\**P* \< .001, by the Kruskal--Wallis test with the Dunn post hoc test.

In summary, adverse effects on fetal weight, placental weight, and fetal viability were associated with PI-containing cART but not with the NRTI backbone. Supplementation with progesterone throughout pregnancy resulted in a significant recovery in fetal weight, suggesting that PI-induced decreases in progesterone levels contributed to fetal growth restriction.

Progesterone Levels Are Decreased in HIV-Infected Women Receiving PI-Based cART {#s3d}
-------------------------------------------------------------------------------

To extend our data to a clinically relevant population, we used plasma samples from a total of 27 HIV-infected pregnant women and 17 HIV-uninfected controls, collected between gestational weeks 25 and 28. This period was equivalent to our mouse sampling point, and it is during a time of uniformly increasing progesterone levels that is sufficiently distant from parturition, during which fluctuations in progesterone levels could occur. The mean gestational week of plasma collection (±SD) was 26.61 ± 0.99 for the HIV-infected samples and 26.67 ± 0.84 for the HIV-uninfected samples (*P* = .84). Demographic data, birth outcomes, CD4^+^ T-cell count, and HIV viral load are shown in Table [1](#JIU393TB1){ref-type="table"}. Table 1.Characteristics of Human Immunodeficiency Virus (HIV)--Infected and Matched HIV-Uninfected Pregnant WomenCharacteristicHIV Infected (n = 27)HIV Uninfected (n = 17)*P* Value^a^Maternal age, y33 (29--37)32 (27--34).20Race Black21 (77.8)14 (82.4)1.0 White6 (22.2)3 (17.6)Parity 010 (37)9 (52.9).56 110 (37)5 (29.4) ≥27 (26)3 (17.6)Mode of delivery Cesarean section, no labor7 (25.9)7 (41.2).28  Cesarean section, labor6 (22.2)1 (5.9) Vaginal14 (51.9)9 (52.9)Infant sex Male18 (54.5)9 (45).58 Female15 (45.5)11 (55)Preterm delivery4 (14.8)0 (0).15Gestational age at birth, wk38.5 (37.9--39.4)40.0 (39.0--40.9).0034Small for gestational age9 (33.3)0 (0).0076Birth weight, g2938 (2398--3441)3572 (3227--3635).0076Birth weight, percentile28.8 (8.5--65.2)53.4 (28.3--74.7).038HIV load near delivery, copies/mL\<40 (40--68)NACD4^+^ T-cell count near delivery, cells/µL589 (439--710)NATime since HIV diagnosis, y7 (5--10)NA[^2][^3][^4]

Maternal age, race, parity, mode of delivery, and infant sex were similar between the groups (Table [1](#JIU393TB1){ref-type="table"}). All HIV-infected women received cART containing a dual-NRTI backbone. Twenty-two of 27 (81.5%) received PI-based cART, and 5 of 27 (18.5%) received NNRTI-based cART. Of the 22 women receiving PI-based regimens, 12 (54.5%) received RTV-boosted LPV, 9 (40.9%) received RTV-boosted ATV, and 1 (4.5%) received RTV-boosted DRV. Of the 5 women receiving NNRTI-based regimens, 3 received NVP, 1 received efavirenz, and 1 received etravirine.

Birth weight, gestational age at delivery, and birth weight percentile were significantly lower in the HIV-infected group, compared with the control (Table [1](#JIU393TB1){ref-type="table"}). The rate of PTD did not differ significantly between groups, but the rate of SGA births (defined as a birth weight in the lowest 10th percentile) was significantly higher in the HIV-infected group (Table [1](#JIU393TB1){ref-type="table"}). Infants born to HIV-infected mothers weighed on average \>600 g less than control infants (Table [1](#JIU393TB1){ref-type="table"}, *P* = .0076).

Progesterone levels were assessed in plasma samples collected during gestational weeks 25--28. In agreement with our in vitro and mouse data, progesterone levels were significantly lower in the HIV-infected group, compared with the control group. Mean progesterone levels were 132.2 ng/mL (95% confidence interval, 117.3--147.1) for HIV-infected women, compared with 179.8 ng/mL (95% CI, 141.4--218.1) for controls (Figure [4](#JIU393F4){ref-type="fig"}*A*). Although the number of women receiving non-PI regimens was very limited, progesterone levels in these women were significantly higher than those in women receiving PI-based regimens (Figure [4](#JIU393F4){ref-type="fig"}*B*). While supporting of our in vitro observations, these data must be treated with caution, given the small sample size. Progesterone levels correlated significantly with birth weight percentile in PI-treated HIV-infected women (*r* = 0.49; *P* = .018; Figure [4](#JIU393F4){ref-type="fig"}*C*) but not in the HIV-uninfected group (*r* = 0.23; *P* = .37). Progesterone levels did not correlate with gestational age at birth ([Supplementary Figure 2](http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu393/-/DC1)). Figure 4.Progesterone levels are lower in protease inhibitor (PI)--exposed human immunodeficiency virus (HIV)--infected pregnant women and correlated with birth weight percentile. *A*, Plasma progesterone assessed by enzyme immunoassay in plasma specimens obtained during gestational weeks (GW) 25--28 from 17 HIV-negative and 27 HIV-infected pregnant women. *B*, Progesterone levels in 22 HIV-infected women receiving PI-based combination antiretroviral therapy (cART) and 5 receiving nonnucleoside reverse transcriptase inhibitor (NNRTI)--based cART. *C*, Correlation between birth weight percentile and progesterone levels in 22 HIV-infected women receiving PI-based cART. All data are shown as scatterplots with median values. Statistical comparisons were made using the Mann--Whitney test. Correlation was assessed by Spearman *r*.

In summary, our data are evidence that PI-based cART is associated with lower progesterone levels in HIV-infected pregnant women and that maternal progesterone levels in these women correlate with infant birth weight percentile.

DISCUSSION {#s4}
==========

In this study, we report an association between HIV PI use and lower progesterone levels in the context of pregnancy. We show that certain PIs but not NRTIs induced decreases in progesterone levels in vitro and in a mouse model and that progesterone levels were lower in HIV-infected pregnant women receiving PI-based cART, compared with uninfected controls. Lower progesterone levels, in turn, correlated with fetal growth restriction in the mouse model and with lower birth weight percentiles in HIV-infected patients. Although we focused most of our investigations on RTV-boosted LPV, as this is currently the most commonly used PI in pregnancy in both high- and low-resource settings, our in vitro data suggest that effects on progesterone may vary with different PIs. In vitro trophoblast progesterone production was significantly reduced by LPV, ATV (which is increasingly used in pregnancy), and RTV exposure but was not significantly affected by DRV treatment. Whether these differences will also hold true in HIV-infected pregnant women requires further investigation in a larger patient cohort.

Our study identifies progesterone as a probable biomarker for HIV-infected women at risk for delivering low-birth-weight infants and as a potential intervention to prevent this adverse outcome. Decreases in progesterone levels late in the third trimester (ie, after gestational week 34) have been reported for fetal growth restricted pregnancies \[[@JIU393C31]\]. We observed reduced progesterone levels earlier during pregnancy, between gestational weeks 25 and 28, in HIV-infected women exposed to PI-based cART, raising the possibility that progesterone could serve as an early biomarker for pregnancies at risk for growth restriction in this population. Further, progesterone supplementation strategies targeted at the second trimester could be considered as a means of increasing fetal weight in these women. Progesterone supplementation during pregnancy has been found to be safe and well tolerated \[[@JIU393C16]--[@JIU393C19]\].

In our mouse model, we observed lower progesterone levels with PI-exposure that were associated with fetal growth restriction. This PI-induced defect in fetal growth was partially but significantly improved when mice were supplemented with progesterone throughout pregnancy. These findings are in agreement with previous observations in both rodent and sheep models in which progesterone reduction during pregnancy was associated with fetal growth restriction \[[@JIU393C32]--[@JIU393C34]\], and fetal weight was significantly improved following progesterone supplementation \[[@JIU393C32], [@JIU393C33]\]. A recent meta-analysis of 36 randomized controlled trials of progesterone supplementation to prevent PTD in high-risk women also reported a significant effect for progesterone in reducing the rate of low birth weight \[[@JIU393C35]\].

Although our mouse data demonstrate that PI-induced low progesterone levels contribute at least in part to fetal growth restriction, our findings in humans are correlative, and a causal relationship will need to be confirmed. Factors such as placenta dysfunction may also result in both low progesterone levels and low birth weight. In addition, SGA has been reported for all cART regimens, independent of PIs \[[@JIU393C1], [@JIU393C2]\], suggesting that additional mechanisms, such as immune reconstitution and a Th2-to-Th1 cytokine shift, may also contribute to this adverse event \[[@JIU393C4], [@JIU393C13]\].

PTD is the most common adverse outcome associated with PI use \[[@JIU393C6]\]. Given the established relationship between progesterone and parturition, low progesterone levels may be a mechanism by which PIs increase the risk of PTD. The rate of PTD was too low in our cohort to investigate this relationship. We did not observe a significant correlation between progesterone levels and gestational age at birth, but this may be a factor of our sampling time point (ie, gestational weeks 25--28). Third trimester progesterone levels may be more reflective of PTD risk.

Our study has several strengths. We were able to demonstrate a consistent PI effect on progesterone levels in vitro in an animal model, using clinically relevant drug levels, and we were able to extend our findings to a patient population. The limitations of our study include the small number of women included in our study, particularly those receiving a PI-sparing regimen. Because of the limited number of women receiving PI-sparing regimens, we were unable to exclude the possibility that non--PI-based cART may also affect progesterone levels in HIV-infected pregnant women. Although our hypothesis could be strengthened by inclusion of an HIV-infected treatment-naive group, this would not be ethically possible given current treatment recommendations. Despite these limitations, we were able to demonstrate that our in vitro and animal model findings are relevant to HIV-infected pregnant women.

In conclusion, we have provided evidence supporting an association between PI-based therapy (in particular, RTV-boosted LPV) and lower progesterone levels during pregnancy. We also demonstrated that lower progesterone levels are associated with fetal growth restriction and lower birth weight percentiles. We propose that PI-induced reduction in progesterone levels during pregnancy is a potential mechanism contributing to the higher incidence of SGA among infants delivered by PI-exposed HIV-infected women. While the molecular mechanisms that lead to progesterone reduction remain to be elucidated, our study provides needed information on the topic of antiretroviral safety in pregnancy that could translate into more-informed treatment choices for HIV-infected pregnant women and into potential interventions to improve pregnancy outcomes in these women.

Supplementary Data {#s5}
==================

[Supplementary materials](http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu393/-/DC1) are available at *The Journal of Infectious Diseases* online (<http://jid.oxfordjournals.org>). Supplementary materials consist of data provided by the author that are published to benefit the reader. The posted materials are not copyedited. The contents of all supplementary data are the sole responsibility of the authors. Questions or messages regarding errors should be addressed to the author.
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